Recent genome-wide association scans (GWAS) for reading and language abilities have pin-pointed promising new candidate loci. However, the potential contributions of these loci remain to be validated. In this study, we tested 17 of the most significantly associated single nucleotide polymorphisms (SNPs) from these GWAS studies (P < 10 −6 in the original studies) in a new independent population dataset from the Netherlands: known as Familial Influences on Literacy Abilities. This dataset comprised 483 children from 307 nuclear families and 505 adults (including parents of participating children), and provided adequate statistical power to detect the effects that were previously reported. The following measures of reading and language performance were collected: word reading fluency, nonword reading fluency, phonological awareness and rapid automatized naming. Two SNPs (rs12636438 and rs7187223) were associated with performance in multivariate and univariate testing, but these did not remain significant after correction for multiple testing. Another SNP (rs482700) was only nominally associated in the multivariate test. For the rest of the SNPs, we did not find supportive evidence of association. The findings may reflect differences between our study and the previous investigations with respect to the language of testing, the exact tests used and the recruitment criteria. Alternatively, most of the prior reported associations may have been false positives. A larger scale GWAS meta-analysis than those previously performed will likely be required to obtain robust insights into the genomic architecture underlying reading and language.
It is well known that reading abilities have a genetic component, with reported heritability estimates ranging from 30% for a discriminant score of reading ability (DeFries et al. 1987) to 73% for word reading and 49% for reading comprehension in a recent meta-analysis (de Zeeuw et al. 2015) . Until the last 2-3 years, most research on the genetics of reading ability and disability (developmental dyslexia) was focused on candidate genes (e.g. ROBO1, KIAA0319, DCDC2 and DYX1C1) that were often identified through linkage analysis followed by fine-mapping association studies. Several candidate associations were reported, and some of these have shown further supportive evidence in independent samples (reviewed in Carrion-Castillo et al. 2013) . However, there is also a considerable lack of consistency across studies (Becker et al. 2014; Tran et al. 2013; Zhong et al. 2013; Zou et al. 2012) , which has hindered efforts to precisely define the role of any specific variant in affecting the neurobiological basis of reading (Carrion-Castillo et al. 2013) .
More recently, several genome-wide association scan (GWAS) studies have tried to identify common genetic variants that influence language and reading abilities, without prior hypotheses with regard to specific candidate genes or regions of the genome (Eicher et al. 2013; Field et al. 2013; Gialluisi et al. 2014; Harlaar et al. 2014; Luciano et al. 2013; Nudel et al. 2014) . This new wave of research for the field queries the whole genome for association in a relatively unbiased manner, which is appropriate for phenotypes when the vast majority of the underlying genetic architecture is unknown. An important consideration for this approach is that, ideally, dataset sizes must be in the order of thousands of participants or more, in order to detect the small effect sizes that are expected for individual polymorphisms, and in the context of a high degree of statistical correction for multiple testing over millions of genetic variants (Visscher et al. 2012) .
The GWAS studies of reading and language performed so far have been based on a range of different designs and approaches. They have included cohorts ascertained through disorder [e.g. dyslexia or specific language impairment (SLI)] or sampled from the general population. Such cohorts have been tested for association of single nucleotide polymorphisms (SNPs) with either a categorically defined affection status or else with quantitative measures of performance for an array of reading/language-related skills. Here, we briefly summarize findings of the relevant GWAS reports published prior to October 2014, upon which we based the present study (see also Field et al. (2013) tested for association with a trait defined as 'phonological coding dyslexia' in a family-based sample (n = 718, with 400 cases from 101 families), using the transmission disequilibrium test to screen ∼133 000 markers from the genome. An SNP within 5q35.1 (77 kb downstream of FGF18) was associated with dyslexia status at a borderline level of significance when considered against genome-wide multiple testing thresholds. Eicher et al. (2013) performed case-control genome-wide association analyses with three different affection statuses for reading and language disorders defined from a general population sample of 4291 children, the ALSPAC (Avon Longitudinal Study of Parents and their Children) cohort. Available quantitative traits were first used to define cases of reading disability (n = 353), language impairment (n = 163) as well as comorbid cases showing both reading and language deficits (n = 174). Case-control analyses were then performed to evaluate associations of variants across the genome. Suggestive associations were found at several loci (3p24.4, 4q26 and within the COL4A2 gene on 13q34), some of which could be tentatively linked to variation in brain white matter tracts in follow-up analysis of diffusion tensor imaging (DTI) data in a separate sample of 332 healthy participants.
In another case-control GWAS study, Nudel et al. (2014) investigated a family-based sample recruited on the basis of probands with an SLI diagnosis; the SLI Consortium (SLIC) cohort, including 297 cases from 278 nuclear families. Also, using standard association analyses, the study tested for parent-of-origin effects and found two paternal effects: a significant association for a locus on 7p14.1 and a suggestive association within the NOP9 gene on 14q11.2. For maternal parent-of-origin analyses, they identified a suggestive association in the 5p13.1 region.
Moving away from case-control designs, Gialluisi et al. (2014) tested for pleiotropic effects of common genetic variants by carrying out GWAS meta-analysis of quantitative data from three different cohorts enriched for participants with reading/language disorders: the SLIC families, a UK-reading disability (UK-RD) dataset and the Colorado Learning Disability Research Center (CLDRC) dataset (total n = 1862). The available quantitative traits variously included spelling, word reading, nonword reading, nonword repetition, phonological awareness (PA), expressive and receptive language scores, and these were used to derive first principal components in each dataset. The GWAS meta-analysis identified two loci showing suggestive associations with the principal component, one within 7q32.1 (∼10 kb upstream of FLNC) and the other on 22q12.3 within the RBFOX2 gene.
Several GWAS studies have focused on normal variation in reading and language in epidemiological cohorts. Luciano et al. (2013) (Harlaar et al. 2014) . Suggestive associations were identified within 2q31.2 in a primary discovery sample (n = 2329), but did not show any evidence of association in replication samples (total n = 2639).
Finally, St Pourcain et al. (2014) focused on expressive vocabulary at an early age (15-18 months, n = 8889) and later age (24-30 months, n = 10 819) in four general population datasets: ALSPAC, TEDS, the Dutch Generation R cohort and Western Australian Pregnancy Cohort (Raine) Study. One SNP within 3p12.3 (∼19 kb downstream of the ROBO2 gene) was significantly associated with early expressive vocabulary in GWAS meta-analysis. This SNP is roughly 1 megabase from the dyslexia susceptibility locus DYX5 (where the dyslexia candidate gene ROBO1 lies; which is also a paralogue of ROBO2). Other SNPs were reported as suggestively associated in chromosomal bands 11p15.2, 12q15 and 19p13.3.
The sample sizes used for most of these studies of reading and language abilities are below what is optimal for GWAS of highly polygenic human traits, with the possible exception of two of the reports (Luciano et al. 2013; St Pourcain et al. 2014) . Most of the reported top findings are statistically 'suggestive', and all remain to be validated in other independent samples, although they provide promising new candidate genes that could potentially play roles in the neurobiology of language and reading.
For this study, we have tested the most significantly associated SNPs from the above GWAS studies, targeting those that have shown association P < 10 −6 in the original reports. Through direct genotyping of the key SNPs, we attempted to find supportive evidence in a new Dutch general population sample in which there are several reading-related quantitative traits available, known as the FIOLA (Familial Influences on Literacy Abilities) dataset (Fig. 1) . While not all of the GWAS studies used datasets that are independent of one another, all of the top associations were study specific. The GWAS studies encompassed a broad range of phenotypic traits, including some measures, such as expressive vocabulary (St Pourcain et al. 2014) and receptive language ability (Harlaar et al. 2014) , which are not available in FIOLA. However, there is abundant evidence that reading and language performance measures have partly overlapping genetic contributions (Gialluisi et al. 2014; Luciano et al. 2013; Newbury et al. 2011) . Several studies show evidence supporting the hypothesis that vocabulary size at different ages predicts later reading ability (van Bergen et al. 2014; Duff et al. 2015) . A study of Dutch children with and without the risk for dyslexia found that expressive vocabulary at 4.5 years is correlated (r = 0.26) with reading scores at age 8 (van Bergen et al. 2014) . Similarly, Duff et al. (2015) found that a latent variable comprising expressive and receptive vocabulary at 16-24 months predicts school age (age range: 4-9 years) PA, reading accuracy and reading comprehension in a British sample (accounting for 4% of the variance in PA, 11% in reading accuracy and 18% in reading comprehension). Furthermore, these phenotypic relationships are supported by correlations at the genetic level as well, as twin studies have shown that genetic factors account for part of the correlation between language proficiency and later reading ability (Harlaar et al. 2008; Hayiou-Thomas et al. 2010) .
Therefore, it was reasonable to use FIOLA to test all top associations from the GWAS studies, whether or not a given SNP had been originally reported to associate with a trait for which there was a matching measure available in the FIOLA dataset. Note that our goal was not strict replication, for which identical measures and recruitment strategies should be used across datasets. Rather, we aimed to test for supportive evidence that might help to validate any of the GWAS findings, and extend our understanding of them with respect to pleiotropy across measures of reading and language performance.
Methods

Sample
The FIOLA project consists of a general population, family-based, Dutch sample that has been assessed with reading-related tests (van Bergen et al. 2015) . Families that visited the Amsterdam Science Museum NEMO were invited to take part. This research is part of Science Live, the innovative research programme of Science Museum NEMO that enables scientists to carry out real, publishable, peer-reviewed research using NEMO visitors as volunteers. The museum offered quiet rooms for one-to-one testing. Ethical approval for this study was provided by the University of Amsterdam ethics committee, file number 2011-OWI-1882, and written informed consent of the participants (or their parents) was obtained. Two indicators of sample representativeness for the general population were evaluated: The level of education of the parents was 0.49 SD above the national average, and children's reading scores were 0.40 SD above the national average (van Bergen et al. 2015) .
For this study, only individuals of European descent were included, in order to reduce the possible impact of genetic stratification (ancestry was assessed using an ethnicity questionnaire which queried as far back as the four grandparents and 60 individuals were excluded as a result). Other inclusion criteria were that participants had Dutch as their first language (no exclusion based on second language learning), and had attended Dutch primary education.
Our primary analysis was conducted on children, i.e. participants aged less than 200 months (16.6 years), because the previous GWAS studies have been carried out on children and teenagers (see Table 1 ), and genetic effects on reading and language performance may be partially age dependent, targeting specific developmental stages (St Pourcain et al. 2014) . In total, there were 483 children from 307 independent families, which comprised 149 singletons, 140 sibships for which two siblings were available and 18 sibships for which three children were available. The minimum age was 6 years (mean age = 10.06 years, SD = 1.97 years).
As a secondary step, we separately analysed all of the unrelated adults available (n = 505, aged 33-68 years, mean = 43.27 years, SD = 4.58 years), who included parents of the children (when available) and 50 other unrelated individuals who had been tested at their homes using the same measures, including parallel form tests to compute parallel form reliability. The inclusion of parents meant that this analysis was not entirely statistically independent from the analysis of children, but provided a useful complementary analysis available in this dataset. While programmes do exist to analyse the child and parent information all together, we were unaware of an option that would do this in a multivariate context, to support simultaneous association analysis with multiple phenotypic measures (see below). Possible age dependence of genetic effects on language-related traits also supports an approach of analysing adults separately from children. GWASes on reading and language Table 1 Original study P≤1×10 -6 One SNP per LD block (r 2 >0.8)
FIOLA dataset
Candidate independent SNPs Table 2 Multivariate association Children Table 3 Univariate association Children P MV <0.05 & Loading MV >|0.2| Table 4 Phenotype matched to original study Table 5 Multivariate association Adults Table 3 Figure 1: FIOLA genetics study design.
Traits of interest
The traits of interest for this study were reading fluency of words and nonwords, phoneme awareness (PA), and serial rapid automatized naming (RAN). These are well-established indices of reading ability and related cognitive performance. Phonological awareness and rapid naming are correlated with reading ability, and may each be linked to independent fractions of the variance in reading performance (Landerl et al. 2013; van der Leij et al. 2013) . Both have often been included in previous studies of the genetics of dyslexia and reading (Francks et al. 2004; Rubenstein et al. 2014) . Word reading fluency was assessed using the One-Minute-Test (in Dutch, Een-Minuut-Test or EMT), (Brus & Voeten 1972) and nonword reading fluency was assessed using the Klepel test (van den Bos et al. 1994) . Participants were asked to correctly read as many (non)words as possible within 1 min (word reading) or 2 min (nonword reading). To avoid a ceiling effect in adults, the original lists were extended, resulting in lists of 145 words or nonwords (van Bergen et al. 2015) .
Phonological awareness was measured with a phoneme deletion task (van Bergen et al. 2015) . For each test item, a phoneme (always a consonant) had to be deleted from a nonword, resulting in another nonword. Accuracy and speed were combined into a fluency measure.
Rapid automatized naming was measured by naming a matrix of 50 digits as quickly as possible (van den Bos 2003) . The time to completion was transformed to the number of digits per second, to normalize the score distribution.
The reliability of all tasks was high. Reliability measures were available from manuals for children: parallel form reliabilities for word reading (0.76-0.96) and nonword reading (0.89-0.95), and split-form and test-retest reliabilities for RAN (0.78-0.92). Test-retest reliabilities were also estimated in a sample of 66 independent children for RAN (0.80) and PA (0.75-0.81) (van Bergen et al. 2015) . A subset of 50 adults from the present sample were tested with parallel forms to estimate reliabilities for adults, which were 0.96 for word reading, 0.94 for nonword reading and 0.94 for RAN. Internal consistency for PA in this adult sample had a Cronbach's of 0.71-0.89 (for accuracy and reaction time) [for details and full task descriptions, see van Bergen et al. (2015) ]. In order to account for the linear and quadratic effects of age (in months), age and age 2 were regressed out from the scores of children (age < 200 months), and the standardized residuals were used as trait scores. Scores for adults (age > 200 months) were z-standardized to bring them on the same scale. Extreme values for each trait were identified as outliers when they were below/above 1.5 times the interquartile range from the first or third quartiles. As a result, 15 datapoints from the children's dataset were removed (word reading = 3, nonword reading = 1, PA = 6, RAN = 5) and 31 from the adults' dataset (word reading = 7, nonword reading = 7, PA = 8, RAN = 9).
All of the phenotypic traits were normally distributed and significantly correlated with each other both for children and adults [see Fig. S1 (Supporting information) and van Bergen et al. 2015] . The correlations ranged from moderate (r PA-RAN = 0.34 for children and 0.39 for adults) to high (r EMT-KL = 0.84 for children and 0.68 for adults).
Power analysis
Power estimates were performed using the Genetic Power Calculator (Purcell et al. 2003) , corresponding to univariate association analysis. Power was calculated for a range of type I error rates ( values) and QTL effect sizes, given two different experimental designs that were roughly comparable to analysis of either the children or the adults from the FIOLA dataset: (1) 240 nuclear families with sibship size of 2, with both parents genotyped, but with only offspring phenotyped and (2) 500 unrelated individuals.
SNP selection and genotyping
From the GWAS studies summarized in Table 1 , and as described above, we selected all SNPs reported to be associated with reading or language traits with P < 10 −6 . We then pruned the candidate variant list to reduce redundancy by selecting only one SNP per linkage disequilibrium (LD) block (r 2 > 0.8, CEU (Utah residents with ancestry from northern and western Europe) population) using the SNP annotation and proxy search (SNAP) (Johnson et al. 2008) , which resulted in 20 SNPs as listed in Table 2 . The SNPs were directly genotyped using the Kompetitive Allele Specific PCR (KASP) genotyping assay (LGC Ltd., Teddington, UK). Three of the SNPs failed at either the assay design or validation phase (rs59197085, rs5995177 and rs11176749), and were therefore excluded from the study. As a result, 17 SNPs were included in this study (Table 2) . Mendelian inheritance errors were detected using pedstats 0.6.12 (Wigginton & Abecasis 2005) . PLINK 1.07 (Purcell et al. 2007 ) was used to calculate missing genotype rates and to test for Hardy-Weinberg disequilibrium. Three individuals (two children and one adult) with more than 2/17 missing genotypes (missing genotype rate > 12%) were excluded. The total genotyping rate in the remaining individuals (n children = 481, n adults = 505) was 99.8%, with a missing genotype rate <5% for all the SNPs. All SNPs were in Hardy-Weinberg equilibrium (P > 0.05).
Association analysis
We used multivariate association analysis as our primary means of testing for association of the reading and language traits with each SNP, using the 'mqfam' option of PLINK-multivariate (Ferreira & Purcell 2009 ). This approach was appropriate given the correlation structure of our traits of interest in both subsets of the dataset (children and adults, see Fig. S1 ), and it had the advantage that only one statistical test was performed per SNP in primary testing, thus reducing multiple testing (Bonferroni-adjusted significance threshold of P = 3 × 10 −3 for 17 SNPs, = 0.05). The method finds the linear combination of a set of correlated measures which is most strongly associated with the given SNP genotypes. We performed the multivariate association analysis separately for children and parents. For children, 10 000 permutations were used in PLINK-multivariate to account for the family-based structure of the dataset (including children and parental genotypes when available), in order to obtain an empirical P value per SNP. The multivariate analysis was followed by testing 'total' univariate association with PLINK 1.07, for three SNPs (see below) which showed multivariate P < 0.05 in the children, in order to explore the evidence for pleiotropy across measures. The 'total' test of association may potentially be affected by population stratification. Therefore, a population stratification test was also performed using the −ap model in QTDT (Linkage Disequilibrium Analyses for Quantitative and Discrete Traits) 2.6.1, which assesses the equivalence of the 'within-family' and 'between-family' mean allelic effects (Abecasis et al. 2000) . Additionally, for two of the SNPs, the FIOLA dataset contained a particularly closely matched phenotypic measure to that which showed association in the original GWAS study (see Table 2 ), and therefore univariate association testing was performed for these SNPs using the closest matching measure, as a relatively direct attempt at replication.
The results from the univariate tests for selected SNPs (in Tables  4 and 5) were meta-analysed together with the results from the original studies. This was implemented in the programme METAL (version March 2011) (http://www.sph.umich.edu/csg/abecasis/Metal/ index.html; Willer et al. 2010) . We chose an approach that does not assume equivalence of allelic effect sizes between datasets, which was appropriate given the heterogeneity of study recruitment, assessment and trait definitions. Put briefly, the meta-analysis tested each SNP for a genetic effect, across the two contributing datasets, computing an overall z-score for that SNP determined by the P value, the direction of the allelic effect and the sample size of each study involved in the meta-analysis. For the SNPs that had first been reported by studies with unequal numbers of cases and controls, we computed the effective sample size as recommended by Willer et al. (2010) (N eff =4/(1/N cases + 1/N ctrls )).
Finally, for three SNPs that had been associated with parent-of-origin SLI transmission to children in one GWAS study, we modelled the effects of maternally and paternally derived alleles separately in a parent-of-origin analysis using QTDT (Abecasis et al. 2000) with the −ao −of options.
Results
Power analysis
Our study provided power of <60% to detect nominally significant results ( = 0.05) for effects of 1%, for both the children and parent analysis. However, the effect sizes that were reported in the GWAS papers, for the SNPs we investigated here, ranged from 0.5 to 12% (e.g. rs2192161 explained 3.9% of the variance in the original study; Luciano et al. 2013) . We had high power to detect effects that explain roughly 5% of the phenotypic variance ( > 0.80 with = 0.003, i.e. Bonferroni correction for 17 SNPs) and moderate power to detect smaller effects (e.g. ≈ 0.60 for effects that explain 3% of the phenotypic variance; see Fig. 2 ). Nevertheless, it is likely that the effect sizes in the GWAS studies where the associations were first reported are overestimates of any real effects, due to the winner's curse (Ioannidis 2008) , and hence our power to detect these effects may be only roughly 60%.
Association analysis
We performed multivariate association analysis first in the sample of children and then in adults, followed by univariate analysis for the SNPs that were nominally significant in the multivariate analysis for each sample. Multivariate analysis in children resulted in three nominally significant associations (rs12636438, P emp = 0.045; rs482700, P emp = 0.047 and rs7187223, P emp = 0.020) (see Table 3 ). The loadings were >|0.2| for all four phenotypic measures in the multivariate models for all three SNPs, although for rs482700 word reading fluency had the opposite direction of effect to the rest of the measures. One of these markers, rs7187223, was the only SNP to show nominally significant association in the adults, with the highest loading for phoneme awareness (loading PA > |0.9|, P = 0.049; see Table 3 ). These associations did not survive statistical correction for multiple testing.
Univariate analyses were performed for these three SNPs in children, confirming that the putative effects of rs12636438 and rs7187223 encompassed several traits. However, there was no nominally significant univariate association with rs482700 (Table 4) . The most significant associations with rs12636438 were with nonword reading fluency and rapid naming (P NWRF = 0.01411 and P RAN = 0.02376; see Fig. S3 ). There was also a consistent but non-significant trend of association with word reading fluency. However, the direction of these effects in the FIOLA dataset was opposite to that previously reported: the allele associated with poorer performance was major allele (A) in our study, but the minor allele (G) was overrepresented in comorbid cases with SLI and dyslexia in the original GWAS study of Eicher et al. (2013) . This inconsistency in the direction of effect was reflected by the meta-analysed P-values which were all higher than the originally reported one (Table 4 ). In the children, rs7187223 was nominally associated with rapid naming and there was a trend with the same direction of effect with phoneme awareness (P RAN = 0.03897, P PA = 0.03584). The minor allele G was associated with lower performance, which was consistent with the effect reported by Luciano et al. (2013) , and reflected by meta-analysed P values < 1.4e-08 for RAN and PA (Table 4) . Because this SNP was nominally significant in the multivariate analysis of the adults, we tested association with univariate traits within this sample too, and found that it was also associated with phoneme awareness (P PA = 0.0026). However, the result on the adults had the opposite direction of effect to that within the children, and also opposite to that previously reported for nonword repetition (Luciano et al. 2013 ) (see Fig. S3 ). The tests for population stratification did not show significant differences of the between-family and within-family components of association for any SNP (all P > 0.05), suggesting that population stratification was unlikely to be a substantial confounding factor in the analysis.
Word reading fluency in FIOLA is closely matched to the 'word reading' phenotype from Luciano et al. (2013) , and hence we tested association of this trait within the children with the two SNPs (rs4839516 and rs764255) that were reported in Luciano et al. (2013) . However, we did not find supportive evidence for associations of any of these SNPs Effect, consistency of the direction of effect for the original and present studies; P meta , meta-analysed P-value from the original report and this study.
with word reading fluency (see Table 5 ). Finally, because rs7801303, rs4280164 and rs10447141 had been reported to be associated with parent-of-origin-specific transmission to children with SLI (Nudel et al. 2014) , we tested for such effects using QTDT for these SNPs and our traits of interest, but there were no significant parent-of-origin effects (P > 0.1).
Discussion
The aim of this study was to evaluate the most significant associations from a recent wave of the first GWAS studies of language and reading performance, by testing for their reported effects on reading-related quantitative traits in FIOLA, a new and independent Dutch dataset from the general population. We adopted an inclusive criterion for the selection of candidate SNPs, with the primary hypothesis that genetic effects might be pleiotropic and shared among several language and reading traits (Gialluisi et al. 2014; Luciano et al. 2013; Newbury et al. 2011) . Seventeen candidate SNPs were selected, for which the FIOLA dataset provided sufficient statistical power to detect most of the previously reported effects, although it was underpowered to detect effects smaller than 1%. Three nominally significant associations were observed in the multivariate analysis of the children, and two of these (rs12636438 and rs7187223) showed consistent signals in univariate analysis.
The association of rs12636438 loaded on all four traits, but more strongly on nonword reading fluency and rapid naming, with the major allele A being associated with lower performance in both cases. This SNP lies within the ZNF385D gene, which codes for a zinc finger protein that may act as a transcriptional regulator (Eicher et al. 2013) . However, Eicher et al. (2013) found that the minor allele (G) of this SNP was overrepresented in comorbid cases of SLI and dyslexia, as well as associated with lower scores on a measure of receptive vocabulary (picture vocabulary test) in a follow-up sample. Thus, our findings show an opposite direction of effect to the original study. The incongruence of the allelic direction might be because of the different genetic backgrounds of the populations analysed. The haplotype structure in a region can differ between populations, changing the LD pattern between the tag SNP (where the association is detected) and the causal SNP that is driving the association, which is as yet unknown. Such factors could in principle lead to contrasting directions of effect of the same tag SNP in different studies when substantial population stratification is present (Lin et al. 2007 ), a phenomenon that has been suggested to potentially explain previous inconsistencies in the literature of the genetics of reading (Gialluisi et al. 2014; Luciano et al. 2007) . It is difficult to evaluate this hypothesis without genome-wide information to assess the genetic homogeneity of all the samples (only directly genotyped SNP information is currently available for FIOLA). Despite the fact that only individuals of European descent were included in the analysis, different LD patterns between our sample and the ALSPAC sample may account for the contrasting result for rs12636438. Alternatively, it might reflect type I error, representing a false positive. Eicher et al. (2013) also looked at the relationship of rs12636438 Effect, consistency of the direction of effect for the original and present studies; P meta , meta-analysed P-value from the original report and this study.
and white matter volumes and reported association with volumes of several DTI fibre tracts that are important for reading and language (the inferior longitudinal fasiculus, the inferior fronto-occipto fasiculus and the temporal superior longitudinal fasiculus). Of note, FIOLA did not involve any neuroimaging of participants, so we are unable to evaluate the reliability of those findings in this study. We found that rs7187223 was nominally associated with rapid naming and PA in the univariate analysis of children. The minor allele (G) was associated with lower performance in both cases, supporting the original association by Luciano et al. (2013) that reported that this allele was associated with lower nonword repetition scores. rs7187223 was also the only SNP that was nominally significant for the multivariate analysis in the sample of unrelated adults. This effect loaded most strongly on phoneme awareness, which was also reflected by the univariate association with this trait. Surprisingly, the association in the adults had the opposite direction of effect to that on children, with the major allele (A) being associated with lower performance. Haplotype structure differences as discussed above cannot be responsible for this contrasting effect, as we are comparing two subsets of the same population. The main difference between the children and adult subsamples was obviously their age. There is some evidence suggesting that age-varying effects may also contribute to differences in allelic effects (Lasky-Su et al. 2008) , and a longitudinal study found that an SNP in the DYX1C1 dyslexia candidate gene is associated with children's orthographic judgments at ages 7 and 8, but not at age 6 (Zhang et al. 2012) . Moreover, in the GWAS study of St Pourcain et al. (2014) , an association of expressive vocabulary with rs7642482 near to ROBO2 was also age dependent: it was genome-wide significant for an early developmental stage (15-18 months) but showed no evidence of association for a similar measure a few months later (24-30 months). Nevertheless, because language and reading acquisition are developmental processes, most of the studies that look at genetic effects on these traits tend to focus on datasets consisting of children (see Table 1 ), and very little is known about the stability of genetic effects over time into adulthood. Alternatively, it is also possible that the opposite allelic effect between children and adults could be because of the differences underlying the measured trait. Despite the fact that the same phoneme deletion task was used to measure PA in both samples, the across-age invariance of this measurement has not been tested. Taken together, our results for rs7187223 do not provide compelling evidence to support the previously reported association.
Since one of the reading measures available for the FIOLA dataset (i.e. word reading fluency) was conceptually similar to some reported by Luciano et al. (2013) , we specifically attempted to replicate their top hits with word reading (rs4839516 and rs764255), using univariate association tests. However, we did not replicate these associations. Similarly, we did not find any parental effect on the SNPs that had been reported to be associated with parent-of-origin transmission in relation to SLI (Nudel et al. 2014) .
To our knowledge, this has been the first attempt to independently and systematically assess the results of recent GWAS reports for language and reading traits. We were only able to find limited support for three of the SNPs that had been previously associated with reading-and language-related traits in these GWAS studies. The associations with the other SNPs were not supported in our study. However, this does not translate into a complete rejection of these SNPs as potentially relevant, given the range of the studies that we have considered when selecting the SNPs, and the between-study heterogeneity of the measures even in the cases where similar phenotypes were available (e.g. word reading accuracy vs. word reading fluency). The FIOLA dataset was ascertained in an unconventional manner through a public venue. This is an advantageous set-up to test large numbers of individuals and has the potential to contribute to the ascertainment of large cohorts in the future. However, the FIOLA dataset is not entirely representative of the Dutch population: it is biased towards a higher-than-average educational level for adults (0.49 SD above the average), and towards higher-than-average word reading scores for children (0.4 SD above national norms) (van Bergen et al. 2015) . Moreover, there is a small but significant correlation of the spousal reading ability (0.16, P = 0.019; van Bergen et al. 2015) , which may indicate assortative mating. Environmental factors such as parental education and socio-economic status have been suggested to moderate genetic influences on reading disabilities, in terms of both heritability estimates and single SNP effects (Friend et al. 2008; Mascheretti et al. 2013) . Hence, non-random sampling from the population, as is apparently the case for FIOLA, adds yet another potential source of heterogeneity across different datasets and studies. IQ, which correlates phenotypically and genetically with educational attainment, should also be considered (Davies et al. 2016 ). Several of the GWAS studies have adjusted their reading-related measures for IQ prior to genetic association testing (Gialluisi et al. 2014; Luciano et al. 2013) , and one showed that some association signals are sensitive to this manipulation (Gialluisi et al. 2014) . In other words, some genetic effects may be more pleiotropic for reading-related cognition and IQ than others. The previously reported GWAS results remain to be further studied in other samples, and ideally meta-analysed across all available samples together, while accounting for the issues addressed in this study. Research (NWO) . Many thanks to all of the participants in the study.
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